body inhibition studies in chromaffin cells (Elhamdani nates of adrenal glands from embryonic day 19 (E19) KO pups revealed expression levels of the vesicular H + -et al., 1999) and melanotrophs (Rupnik et al., 2000) indicated that CAPS1 is required for a late release phase of
ATPase (111% ± 7%), of the monoamine transporters VMAT1 (87% ± 6%) and VMAT2 (w85%), and of Chro-LDCV exocytosis, possibly by modulating fusion pore formation and dilation. Genetic studies on the invertemogranin A (116% ± 9%) and CAPS2 (w104%) that were similar to wt levels (100%) ( Figure 1E ). Likewise, brate orthologs in C. elegans (Avery et al., 1993) and Drosophila (Renden et al., 2001) demonstrated that quantification of protein levels in adrenal homogenates from P30 heterozygous CAPS1 KOs revealed no CAPS is an essential protein with an important role in the secretion of a subset of neurotransmitters. In Drochanges in expression levels of vesicular proteins (data not shown). In contrast, CAPS1 expression was resophila, deletion of CAPS causes a 50% decrease in glutamatergic transmission at neuromuscular juncduced to about 65% ± 6% in adrenals of adult heterozygous KO mice ( Figure 1E ). Immunohistochemical extions. However, this may be an indirect effect, as expression of CAPS in motor neurons does not rescue amination of VMAT1, VMAT2, and tyrosine hydroxylase (TH) in adrenal sections of E19 CAPS1 KO and wt adrethe phenotypic changes in neuromuscular junctions of CAPS mutants (Renden et al., 2001 ). Currently, CAPS1 nals revealed no differences between genotypes with respect to immunopositive cell numbers and staining is thought to act during the Ca 2+ -triggering step of regulated LDCV exocytosis and/or fusion pore opening intensity ( Figure 1G ). Thus, CAPS1 is essential for postnatal survival of and dilation, but the corresponding evidence is not unequivocal. Published functional data are almost exclumice but not for the regulation of their development. Given the widespread expression of CAPS1 in neuronal sively based on antibody inhibition studies, and genetic studies in C. elegans and Drosophila could not identify and neuroendocrine tissues, possible reasons for the perinatally lethal phenotype of CAPS1 KO mice are the LDCV trafficking step that is regulated by CAPS proteins.
manifold. We examined synaptic transmission in autaptic hippocampal neurons from CAPS1 KOs (data not To determine the function of CAPS1 in LDCV secretion, we generated and analyzed CAPS1-deficient shown) as well as respiratory brainstem function in newborn CAPS1 KOs at the level of hypoglossal nerve activity mice (KOs).
(data not shown) and found no phenotypic changes. This excludes a general synaptic transmission deficit as the Results cause of perinatal death of CAPS1 KOs. Characteristics of CAPS1 KOs A KO mutation in the murine CAPS1 gene was generSecretion from Heterozygous CAPS1 KO Chromaffin Cells ated by homologous recombination in embryonic stem cells and detected as described in the Experimental Because CAPS1 was discovered in PC12 cells and is thought to act as an LDCV-specific regulator of secreProcedures ( Figure 1A ). Heterozygous CAPS1 KOs were viable and fertile and showed no obvious phenotion, we analyzed LDCV secretion from KO adrenal chromaffin cells, one of the best-characterized model typic alterations in the cage environment. Genotyping of offspring resulting from interbreeding of heterozysystems of regulated secretion. In chromaffin cells, secretory granules can reside in gous mutants ( Figures 1A and 1B) showed that at birth wild-type (wt; +/+), heterozygous KO (+/−), and homofour pools representing different functional states or maturation steps. The size of these pools and the rate zygous KO (−/−) pups were present at the expected 1:2:1 Mendelian frequency (41:81:41). Western blot of vesicle transition between them can be assayed with high-time resolution patch-clamp capacitance meaanalysis of mutant brains showed that CAPS1 expression was abolished in homozygous KOs and signifisurements. Granules from the Depot pool translocate to the plasma membrane to enter the docked but uncantly reduced to 44% ± 6% of wt levels in heterozygous KOs ( Figure 1C ). The expression of representative primed granule pool, UPP. Granules in the UPP are primed into the slowly releasable pool, SRP, from where control proteins (Secretogranin 2, Synaptotagmin 1, Munc13-1, Munc18-1, and Syntaxin 1) was not altered they can enter the rapidly releasable pool, RRP. Granules in the SRP and RRP can fuse with the plasma ( Figure 1D ).
Newborn homozygous CAPS1 KO pups breathed membrane, but with different rate constants (w3-6 s −1 versus w20-50 s −1 ) (Ashery et al., 2000). slowly and moved only after tactile stimulation. After birth, breathing rates decreased, and mutant mice died Deletion of one CAPS1 allele in heterozygous KOs resulted in a significant reduction of CAPS1 expression within 10-30 min. Despite this perinatally lethal phenotype, homozygous CAPS1 KO mice showed no obvious in the adrenal gland of P30 animals ( Figure 1E ; see also Figure 1C for corresponding data from brain). Because changes of the body plan or individual organs (data not shown). Structure and cytoarchitecture of the brain and of this gene dosage effect, we performed electrophysiological recordings on adrenal slices from P30 heteroadrenal gland were indistinguishable from those seen in wt littermates ( Figure 1F) (Figure 2A ), SRP and RRP were significantly reduced to a similar degree in heterozygous CAPS1 KO cells as compared to wt controls (w70% of wt levels; p < 0.02), while sustained release was unchanged (Figures 2F-2H ; Table S1 
Expression of CAPS Isoforms in Murine Adrenal Gland
Two possible mechanisms may account for the finding that chromaffin granule secretion from P30 heterozy- blots. CAPS1 protein levels in the adult adrenal gland stable during development and even higher in the emwere at least two times higher than corresponding bryonic brain than in later phases of development. To CAPS2 levels. In contrast, CAPS2 protein levels in adretest whether CAPS1 and CAPS2 expression in the adrenals from E19 mice were about eight times higher than nal gland is also differentially regulated during developcorresponding CAPS1 levels ( Figure 3A) . The situation ment, we examined corresponding mRNA and protein in brain tissue is similar but less pronounced, and both levels by in situ hybridization, immunocytochemistry, full-length CAPS2 indicating that the two CAPS isoforms may reside on In contrast, when CAPS2-specific antisense oligonucledifferent populations of LDCVs. otides were used, corresponding mRNA levels were Thus, CAPS1 and CAPS2 levels are inversely correfound to be high only in E19 mouse chromaffin cells, lated, and the two isoforms are most likely targeted to but at or below the detection limit in adult mouse adredifferent subpopulations of LDCVs in mouse chromaffin nal gland ( Figure S1A) . cells, and the fact that loss of one CAPS1 allele leads Immunocytochemical experiments showed that the to reduced secretory activity in P30 chromaffin cells, as differential developmental regulation of CAPS1 and determined by C m measurements, while complete loss CAPS2 mRNA expression levels is reflected by the corof CAPS1 expression in E19 mice has no effect (Figure responding protein expression levels. Using CAPS1 2), can in part be explained by redundant expression of and CAPS2 isoform-specific antibodies, we immunode-CAPS2 only in embryonic but not in adult adrenal tected CAPS1 and CAPS2 in chromaffin cells of the E19 mouse adrenal gland medulla. However, in chromaffin tissue. 
Single Secretory Granule Fusion Events in P30
tion in the number of releasable vesicles in the RRP and SRP. Heterozygous CAPS1 KO Chromaffin Cells We next performed amperometric measurements, which detect the catecholamines released from chromaffin Single Secretory Granule Fusion Events in E19 granules by oxidation on the surface of a carbon fiber Homozygous CAPS1 KO Chromaffin Cells electrode (Bruns and Jahn, 1995).
We next performed amperometric recordings on isoTypically, the ratio between quantal monoamine conlated E19 chromaffin cells of homozygous CAPS1 KO tent and vesicle volume is rather constant ( Table S2 ). Like in heterozyspike frequency in heterozygous CAPS1 KO cells was gous animals, the single spike characteristics were unreduced to w65% of wt levels (1.18 ± 0.11 events/s [n = changed (Figures 5B-5F; Figure 5G ), while amplitude, 50%-90% rise time, half-width, and foot duthe introduction of GFP alone had no effect (data not ration of spikes was observed (Figures 4B-4F) .
shown). Thus, the reduction of spike frequency mediThus, the reduction in secretion from chromaffin cells ated by the selective loss of CAPS1 expression is speof P30 heterozygous CAPS1 KO mice observed in cacific and reversible. pacitance measurements following depolarization or
The discrepancy between capacitance and amperometry recordings in E19 homozygous CAPS1 KO mice flash photolysis (Figure 2) can be attributed to a reduc- Figure 7D ). However, in P30 chromaffin cells from heterozygous CAPS1 single capacitance, single amperometry, and combined capacitance/amperometry measurements. The data in-KO cells, we found a reduction in the number of LDCVs within a distance of up to 200 nm from the plasma dicate that the absence of CAPS1 in chromaffin cells leads to a defect in the biogenesis, stability, catecholamembrane (i.e., morphologically docked vesicles; 71% ± 6% of wt; p < 0.026; Figure 7C ). Numbers of LDCVs mine filling, or catecholamine storage of a subset of LDCVs, while the capability of LDCVs to fuse with the more distant from the plasma membrane were not altered ( Figure 7C ). plasma membrane in a Ca 2+ -dependent manner remains unaffected.
Thus, the observed reduction in secretion in P30 heterozygous CAPS1 KO cells is due to a reduction in the number of membrane-proximal LDCVs. For homozy-
Ultrastructure of Homozygous and Heterozygous gous E19 KO cells, the normal number of LDCVs ex-CAPS1 KO Chromaffin Cells
cludes an effect of CAPS1 loss on secretory granule We next analyzed the ultrastructure of mutant chrobiogenesis or granule docking. maffin cells to examine possible deficits in secretory granule biogenesis or granule docking at the plasma membrane, which should be detectable as a reduction Determination of Catecholamine and Catechol Levels in Intact Adrenals in the overall number of granules and in the number of docked vesicles, respectively.
To investigate whether the reduced frequency of amperometric signals in CAPS1 KO chromaffin cells is reUltrathin sections from P30 and E19 adrenals were analyzed electron microscopically (Figures 7A and 7B) .
flected by a reduction of total catecholamine levels, we determined the monoamine content in homogenates of Signs for a degeneration of vesicles or of other cellular organelles, or signs of apoptosis, were not detectable adrenal glands by HPLC. Only dopamine (DA) levels were significantly decreased in adrenals from homozyin either P30 heterozygous or E19 KO chromaffin cells, and no accumulation of vesicular structures lacking the gous KO mice (n = 12 animals) to about 71% ± 4% of wt levels (n = 12 animals; p < 0.02), whereas adrenaline typical dense core was detected in E19 chromaffin cells. To investigate whether LDCV numbers in CAPS1 (ADR) and NA levels were not altered ( Figure 8A ). As DA usually represents only a minor fraction of the total mutants at one of the studied developmental stages are changed, we examined the number and distribution of catecholamine pool in chromaffin cells (2%-10%), the observed overall change in KO cells was surprisingly LDCVs in wt and CAPS1 mutant cells. In E19 homozygous KO chromaffin cells (n = 19 cells, two animals), low given the robust difference in our amperometric records. vesicle numbers and distribution were indistinguishable Inhibition of catecholamine uptake into chromaffin chromaffin cells from homozygous CAPS1 KOs as compared to control tissue ( Figure 8C ). As catecholamines granules by reserpine causes a massive increase of cytosolic catechols, which results from the rapid degraare 10,000 times more concentrated in vesicles than in the cytosol (Parsons, 2000) , the largest fraction of the dation of catecholamines accumulating in the cytosol (Mosharov et al., 2003) . As all our physiological data respective fluorescence signals is most likely derived from vesicular catecholamine pools, whereas cytosolic indicated a defect in catecholamine uptake and/or storage in CAPS1 KO chromaffin granules (Figures 5 and catecholamine levels are probably at or below the detection limit of this assay. This is reflected by the prefer-6), we expected a similar catechol accumulation in CAPS1 KO chromaffin cells. Indeed, we found the entially punctate signals in control cells as compared to the more diffuse fluorescence observed in CAPS1 levels of the NA/ADR metabolite 3,4-dihyroxyphenylethyleneglycol (DOPEG) in CAPS1 KO adrenals to be KO cells ( Figure 8C, insets) . These data show that, except for DA, overall catestrongly increased to 345% ± 60% of wt levels (twelve animals; p < 0.0012). In contrast, the levels of the DA cholamine levels are well maintained in CAPS1 KO chromaffin cells. However, cytosolic catechol levels in metabolite 3,4-dihydroxyphenylacetic acid (DOPAC), which in wt adrenals are ten times lower than DOPEG CAPS1 KO chromaffin cells are strongly increased, indicating that a significant proportion of catecholamines is levels, and of the DOPEG methylation product 3-methoxy-4-hyroxyphenylethyleneglycol (MOPEG), which are shifted from vesicular to cytosolic pools and degraded. usually similar to the DOPEG levels under wt conditions, were only slightly increased over the correspondDiscussion ing wt levels ( Figure 8B) .
As an alternative approach to estimate total monoWe show here that CAPS1, a regulator of LDCV secretion, is essential for postnatal survival but not for emamine content, we treated adrenal gland sections from E19 wt and CAPS1 KO cells with glyoxylic acid, which bryonic development. In physiological experiments, we made the unexpected observation that, in the absence reacts with monoamines, leading to fluorescence signals. Fluorescence intensity was diffuse and lower in of CAPS1, embryonic chromaffin cells release up to 2 and 4) due to an underlying decrease in the number of membrane-proximal LDCVs ( Figure 7C ). In homozygous CAPS1 KO chromaffin cells, we observed that up to 70% of all LDCV secretory events that are detectable by capacitance measurements and TIRFM can not be detected by amperometric recording of released catecholamine (Figures 2, 5, and 6 and Figure S2) Fornai, F., Lenzi, P., Gesi, M., Ferrucci, M., Lazzeri, G., Busceti, C.L.,
